Premixed flames in CO 2 diluted CH 4 -O 2 -He mixtures were studied both experimentally and numerically to investigate the effects of spectral dependent radiation reabsorption on the flame propagation and flammability limit. Laminar burning velocities of CH 4 -O 2 -He-CO 2 mixtures at both normal and elevated pressures up to 5 atm were measured by using a pressure-release type spherical bomb. The measured data were compared with the results from computations performed with and without spectral radiation absorption. It was found that the spectral radiation reabsorption results in higher burning velocities of CH 4 -O 2 -He-CO 2 mixtures and wider flammability limits than predictions using the optically thin model. Furthermore, the enhancement becomes more significant at higher pressures. The results demonstrated that reabsorption effects must be considered to correctly predict flame speeds and extinction limits in flammability limit and burning properties of mixtures with CO 2 addition.
I. Introduction
HERMAL radiation is an important, often dominant, heat transfer mechanism in many combustion systems such as combustion in microgravity, ultra lean burning, sooting flames, and fire spreading. [1] [2] [3] [4] In the past decades, the relevance of radiation heat transfer in combustion systems takes on a new dimension as its central role in limit phenomena is gradually recognized for large-scale flames. CO 2 is a strong radiation emitter in flames and has been considered as one of the most effective fire extinguishing agents for manned space flights. Moreover, with the recent development of high pressure combustor for high energy efficiency and low NO x and soot emission technology, a large amount of CO 2 is recycled to the unburned mixture. As such, the study of radiation dominated combustion, particularly for premixed combustion with CO 2 addition, has attracted a great attention. 5, 6 Recently, it has become clear that spectral radiation is frequently the dominant, or even the only, loss mechanism associated with near-limit small scale gaseous flames, and that its satisfactory description is crucial towards meaningful and accurate predictions of flame extinction and bifurcation. 7 The effect of radiation absorption was analyzed by Joulin and Deshaies 8 using the planar particle laden flame. By employing the gray gas radiation, the normalized flame speed m, as a function of the Boltzmann number B, was obtained as B m m = ln . This result shows that flame speed increases exponentially with the increase of Boltzmann number and that there is no flammability limit when radiation absorption is considered. This result is not experimentally validated. The effect of gray gas radiation absorption on the flammability limit was also investigated by Lozinski et al. 9 in the study of flame ball and in the study of NO x formation in stretched counterflow nonpremixed flames by Vranos and Hall. 6 By using statistical narrow band (SNB) model in CO 2 diluted planar propagating flames, Ju et al. 7 found that radiation absorption led to higher flame temperature and burning velocity than the adiabatic flame. It is concluded that "fundamental" flammability limits can exist, but these limits are strongly dependent on the emission-absorption spectra of the reactant and product gases and band broadening and cannot be quantitatively predicted using gray gas or optically thin radiation models. Guo et al. 10 numerically investigated the effects of radiation reabsorption on flame temperatures and extinction characteristics of CH 4 -CO 2 -air and CH 4 -CO 2 -O 2 counterflow premixed flames. They found that reabsorption has little influence on the extinction limits of CH 4 -air flames of low equivalence ratio. However, the radiation reabsorption has a significant effect on the flame temperatures and extinction limits of CH 4 -studied the combined effects of non-gray radiation and pressure on the propagation and flammability limits of premixed CH 4 -O 2 -CO 2 flames and found that the effects of non-gray radiation and pressure on the burning velocity and flammability limits of the flame become significant as the amount of CO 2 addition is increased. Soot formation in a laminar ethylene-air coflow jet diffusion flame at atmospheric pressure was computationally studied by Liu et al. 12 using both the optically thin model and a statistical narrow-band correlated-K (SNBCK) based wide band model for radiative properties of CO, CO 2 , H 2 O, and soot in the calculation of radiation heat transfer. Radiation reabsorption effects on NO x formation in CH 4 -air counterflow premixed flames were numerically investigated by Wang et al. 13 using the SNB model and GRI-MECH 2.11. It was found that the reabsorption of emitting radiation leads to substantially wider flame thickness and higher flame temperature than those calculated by using the optically thin model. The level of NO x formation predicted in the flames using SNB model lies between those of adiabatic flames and the flames predicted by the optically thin model.
The studies of radiation effect on the self-extinction-flame and flame ball were also conducted by Abbud-Madrid and Ronney, 14 Abid et al., 15 and Wu et al. 16 The results showed that the prediction without radiation heat loss cannot reproduce a correct flame ball limit and flame size. The above results imply that radiation absorption in small scale flame is also important, and that the inclusion of spectral dependent absorption is necessary for gas radiation modeling, particularly when detailed chemistry and transport models are involved. Abbud-Madrid and Ronney 14 used a particle laden flame to measure the enhancement of burning velocity to explore the radiation absorption effect. However, due to the particle heat capacity and the inhomogeneous particle concentration, radiation absorption effect was not successfully observed.
Despite of above mentioned studies, the quantitative and even qualitative effects of spectral radiation absorption on flame propagation, extinction, and instability, particularly for near limit premixed flames are far from being understood. Few experimental studies have been conducted to investigate the effect of radiation absorption on the burning properties and flammability limit of CO 2 added mixtures.
The objective of the present research is to experimentally investigate the effects of non-gray gas radiation reabsorption on near limit flame propagation using CO 2 diluted outward propagating flames at normal gravity, to provide experimental data for radiation and kinetic model validation. These flames are aerodynamically and radiatively well defined so that the individual issues of interest can be isolated, understood, and quantified. Flame speeds of CO 2 diluted CH 4 -O 2 -He mixture at elevated pressures up to 5 atm were measured by using a pressurerelease type spherical bomb. The measured data were compared with the results from computations performed without considering radiation (adiabatic, ADI), with radiation employing optically thin model (OTM), and with radiation utilizing a detailed emission/absorption statistical narrow band (SNB) model. Figure 1 shows the dual-chambered, pressure-release type high pressure combustion facility. Details of the design and operation can be found in ref. 17 , and only a brief description is given here. The chamber consists of two concentric cylindrical vessels of inner diameter 10 and 28 cm, respectively. In the lateral wall of the inner vessel, 12 holes of 2.2 cm in diameter are made for pressure release. These holes are sealed with O-rings under the compression of the iron plates attracted by a series of permanent magnets imbedded in the wall. The iron plates can provide completely vacuum sealing with a pressure difference above 0.3 atm. Pressure release via gas leakage from inner to outer chamber or the opening of the iron plates happens when the pressure difference vanishes or reverses. In experiments, the outer vessel is initially filled with an inert gas (nitrogen), and then combustible mixtures are filled into the inner vessel up to a pressure that is 0.5 atm lower than the outer one. After ignition, the pressure in the inner chamber will increase until the pressure increase is high enough to cause gas leakage or iron plate opening. The inner chamber pressure will increase in the beginning of combustion and then maintain constant for the rest of the combustion. Furthermore, since the volume of the inner vessel is 10 times smaller than that of the outer, the total pressure increase after combustion is small enough to ensure high pressure experiment and operational safety as well.
II. Experimental and Numerical Methods

A. Experimental Methods
Schlieren photography is applied in imaging the flame propagation. Light from a 100 W mercury lamp is focused on a 100 µm pinhole and collimated by a spherical lens. The collimated light passes through the inner chamber and is focused on a horizontally installed knife edge. A high-speed digital video camera with 4 µs shutter speed and frame rate of 8000 fps was used to record the propagating flame images. An absolute-pressure transducer was used to monitor the pressure change in the inner vessel with the pressure histories recorded by a digital oscilloscope. The results presented at each point were the average of three tests. Data reduction was performed only for flame radii between 1.5 and 2.5 cm to avoid possible effects caused by spark disturbance as well as the wall and gas leakage interference.
For the outwardly propagating flame, the burned gas is assumed to be quiescent, and thus the moving velocity of the experimentally visualized flame front is the burned flame speed. The stretched flame speed Su was first obtained from the flame history and then was linearly extrapolated to zero stretch rates to obtain unstretched flame speed. The estimated measurement uncertainty is ~5%. The reactant mixtures were prepared within the inner vessel using the partial pressure method. All runs were performed in quiescent environments at an initial temperature of 298 K and initial pressures ranging from 1 to 5 atm. Flame propagation was initiated via spark discharge at the center of the inner vessel. Spark energies were adjusted to be sufficiently close to the minimum ignition energy to minimize effects of initial flame acceleration by excessive spark energies.
B. Numerical Methods
The mass, energy and species conservation equations for one-dimensional, steady, planar premixed-gas flames were solved using a CHEMKIN-based code 18 with arc-length continuation 19 and detailed chemistry, transport and (optically thin and optically thick) radiation models. For the optically thin radiation simulations, by assuming CO 2 , H 2 O, CO and CH 4 are the most important radiating species, the volumetric rate of radiation heat loss for the energy equation can be written as 20 ) ( 4
where σ is the Stefan-Boltzmann constant, and T and T ∞ are respectively the local and ambient temperatures. K p denotes the Planck mean absorption coefficient of the mixture, and P i and K i are respectively the partial pressure and Planck mean absorption coefficient of species i. Data for the Planck mean absorption coefficient of the four radiating species obtained from the statistical narrow band model of Ju et al. 20 For the optically thick radiation studies, radiative transport including both emission and absorption was computed using the statistical narrow band model with exponential-tailed inverse line strength distribution. 21 The radiative transfer equations were solved for wave numbers between 150 and 9300 cm -1 with 25 cm -1 resolution using the S6 discrete ordinate method. Radiation parameters for CO 2 , H 2 O, and CO were taken from Ref. 22 . CH 4 radiation was not included because the necessary spectral data were not available.
Methane oxidation was modeled using GRI-MECH 3.0 23 mechanism by deleting species and reactions related to NO x formation. Third body efficiencies of argon were used for helium. Helium is introduced to adjust the mixture Lewis number (Le) since flame stretch and curvature also affect the flame dynamics. Mixtures of CH 4 -air and CH 4 -{0.3O 2 +0.2He+0.5CO 2 } were examined. Except where noted, the upstream and downstream boundary locations were Figure 2 shows schlieren photographs of CH 4 -{0.3O 2 +0.2He+0.5CO 2 } flames at different equivalence ratios. For fast-burning (stoichiometric or near stoichiometric mixtures, φ = 0.8 in Fig. 2) , buoyancy effect cannot be observed from flame images and the flame front is spherically symmetric. For lean mixtures (φ = 0.55), the effect of buoyancy is noticeable. From images at t = 40 ms and 52.5 ms, it can be seen that the flame front reaches the top edge of the photograph before reaching the bottom. The traditional 1-g downward flammability limit Φ d is defined here as in the limiting mixture the flame can propagate throughout the whole chamber. For the present CH 4 -{0.3O 2 +0.2He+0.5CO 2 } mixture, the downward flammability limit is Φ d = 0.50. Below this limit, for leaner mixtures (φ = 0.49 in Fig. 2) , the flame cannot propagate downward against buoyancy forces. After reaching to top of the inner chamber, the flame spreads out and propagates downward. Although the mixture at this condition is still flammable, the flame front is hard to determine and flame speed data are not extracted for these cases. At elevated pressures, buoyancy effect is enhanced with the increase of mixture density. For example, at 5 atm the downward flammability limit becomes to Φ d = 0.57. The 1-g downward flammability limit for CH 4 -air mixtures was also measured in order to compare with results of previous investigators. At atmospheric pressure, the CH 4 -air downward flammability limit is Φ d = 0.55 which is in good agreement with the limit of 0.56 reported by Ronney and Wachman. Figure 3 shows the measured 1 -g laminar burning velocities of CH 4 -air mixtures at one atmosphere as a function of equivalence ratio, together with other 1-g experimental results from Rozenchan et al. 24 , Badami et al. 25 The µ-g data from Ronney and Wachman 26 and Stehlow et al. 27 are also plotted. The computed results without radiation model and with optically thin model using GRI-MECH 3.0 23 are plotted in lines. The accuracy and reliability of the present system is demonstrated by the excellent agreement between the present data and the previous data. There's good agreement between measurements and predictions at or near stoichiometric equivalence ratio (φ ≥ 0.8).
III. Results and Discussions
A. Flame Propagation and Flammability Limit
B. Laminar Burning Velocities
The discrepancy increases as the mixture becomes leaner. In the fuel lean side, the measured flame speed data of CH 4 -air are consistently lower than the simulation, even though the optically thin model overpredicts radiation heat loss. The µ-g data are lower than the 1-g data which are severely affected by buoyancy force at the limit condition. Ju et al. 7 reported that reabsorption effects in CH 4 -air mixtures are minor. The flame speed data of CH 4 -air mixtures provide a comparison with those with CO 2 dilution. Figure 4 shows the measured 1 -g laminar burning velocities of CH 4 -{0.3O 2 +0.2He+0.5CO 2 } mixtures at one atmosphere. The calculation results from SNB model with different length of domain are also shown here. Since no other data are available, we only compare the measured data with computed results. The data agree well for equivalence ratio larger than 0.6. Different from CH 4 -air mixtures, the measured downward flammability limit outreach the prediction from optically thin model and the flame speed data are higher than those from optically thin model, but still lower than those from adiabatic and SNB predictions. The SNB calculation gives even high flame speed data than adiabatic situation because of reabsorption effect. L arger domain length (-20 -20 cm) results in lower flammability limit, which is due to more reabsorption occurs with longer upstream length L 1 . 7 The smaller domain (-5 to 5 cm) is chosen to match the diameter of the inner chamber (10 cm), but the results are still higher than experimental ones. The discrepancy may arise from the chemistry and transport models and the different configuration between the simulation and experiment. The effects of reabsorption will be discussed in the following section. Figure 5 shows the laminar burning velocities of CH 4 -{0.3O 2 +0.2He+0.5CO 2 } mixtures at 2 and 5 atm at 1-g, respectively. The downward flammability limits for these mixtures at 2 and 5 atm are Φ d = 0.52 and 0.57, respectively. The increase of Φ d to higher equivalence ratio with increasing pressure is consistent with the results of Ronney and Wachman. 26 This increase is mainly due to the enhanced buoyancy effect at high pressures. It is seen that with the increase of pressure, the laminar burning velocities of the mixture decrease rapidly showing a similar trend to the undiluted CH 4 -air mixtures. 24 The simulation results from adiabatic and SNB model are consistently higher than the experimental data. However, near the flammability limit, the measured data becomes higher than the predictions from optically thin model. At 2 atm, Φ d surpass the flammability limit (φ = 0.549) obtained from optically thin model. On the other hand, in Fig. 6 , the laminar burning velocities for CH 4 -air mixtures at 2 and 5 atm are consistently lower than the predicted results from optically thin model and the downward flammability limit never exceed the extinction limits from optically thin model. This suggests that for CO 2 diluted mixtures, the reabsorption effects enhance the flame propagation and extend the flammability limit. It is also seen from Fig. 5 that the flammability limits predicted by SNB model (0.368 and 0.348 for 2 and 5 atm, respectively) extended lower equivalence ratio at high pressure. This is consistent with theory since optical thickness increases with increasing pressure. Figure 7 shows the optical thickness of diluted and undiluted CH 4 mixtures. For simplicity, the optical thickness is calculated as
C. Reabsorption Effects on Flame Propagation
over the computation domain. It can be seen that the optical thickness of CH 4 -air mixtures is much smaller than unity, and thus the CH 4 -air flames can be regarded as optically thin and reabsorption effects are not significant. However, for CO 2 diluted mixtures, l is much larger than unity and the flames are optically thick. Therefore, reabsorption effects are obvious and must be considered in the calculation. Figure 8 shows radiative power Q R and temperature distribution along spatial coordinate x for a CH 4 -O 2 -He-CO 2 flame at φ = 0.6 from different radiation models. The optical thickness by Eq. (3) is 5.67. When reabsorption is considered, Q R is negative at x < 0.16 because some energy radiated from high temperature zone is reabsorbed at lower temperature region. The unburned mixture is preheated by reabsorption and net loss due to radiation decreases. This is consistent with the theory by Joulin and Deshaies. 8 The maximum temperature in SNB exceeds the adiabatic temperature and decreases slow downstream in a large scale. While with optically thin radiation, the peak temperature decays rapidly downstream. The reabsorbing flame also has a longer upstream convectiveradiative zone. From these observations, it can be concluded that reabsorption enhances flame propagation and extends flammability limit.
Helium is used to modify the Lewis number of the CH 4 -O 2 -He-CO 2 mixture. Helium has a high thermal conductivity and thus increases the thermal diffusivity of the mixture, which could also result in the increase of flame speed. Figure 9 shows the thermal diffusivity α for CH 4 -air and CH 4 -O 2 -He-CO 2 mixtures at the gas inlet and at the maximum temperature gradient. For fresh mixtures at the equivalence of 0.5-1, thermal diffusivity of CH 4 -air and CH 4 -O 2 -He-CO 2 mixtures is around 2.2 and 2.7, respectively, and is nearly constant. For burned gases, α of CH 4 -air and CH 4 -O 2 -He-CO 2 mixtures is around 23.0 and 29.0, respectively. Thermal diffusivity of CH 4 -O 2 -He-CO 2 mixtures is consistently higher than that of CH 4 -air. But from Figs. 3 and 4 , it can be seen that the burning velocities of CH 4 -O 2 -He-CO 2 mixtures near stoichiometry are lower, while near flammability limit are higher than those of CH 4 -air mixtures, which cannot be explained from thermal diffusivity. Therefore, the flame speed increase is not due to the increase of thermal diffusivity, but the effect of radiation reabsorption. 
IV. Conclusions
Laminar burning velocities of CO 2 diluted CH 4 -O 2 -He mixture at both normal and elevated pressures up to 5 atm were measured by using a pressurerelease type spherical bomb. The measured data were compared with the results from computations performed without considering radiation, with radiation employing optically thin model, and with radiation utilizing a detailed emission/absorption statistical narrow band model. The effects of radiation reabsorption on near limit of CO 2 diluted outward propagating flames at normal gravity were studied. It was found that reabsorption can increase burning velocities of CH 4 -O 2 -He-CO 2 mixtures and extend flammability limits. Reabsorption effects increase with the increase of pressure. For optically thick flames with CO 2 dilution, reabsorption effects must be considered to correctly predict flame speeds and extinction limits in simulation. For future work, experimental measurements of transmissivity of the CO 2 diluted mixture will be measured before and after flame initiation. The spherical flame experiment could provide another way to measure the spectral transmissivity of the burned gas at high pressure. Moreover, simulation of the spherically propagating flame instead of steady planar flame is also preferred. 
